Introduction
Marburg virus (MBG) is a 'Biosafety Level 4' agent (Richardson & Barkley, 1988 ) that was first identified in 1967 following human outbreaks of acute haemorrhagic fever in the cities of Marburg and Frankfurt, Germany, and Belgrade, Yugoslavia (Martini & Siegert, 1971) . Initial infections occurred in persons working with blood, organs or cell culturing of tissues from infected African green monkeys (Cercopithecus aethiops) imported from Uganda. This pathogen received its name from the city of Marburg, where most of the cases occurred and where much of the initial work on the virus was performed. Three subsequent human outbreaks have been attributed to MBG (Gear et al., 1975; Smith et al., 1982; Kiley et al., 1988) . The nucleotide sequence data reported in this paper have been assigned GenBank accession number M72714.
0001-0487 © 1992 SGM MBG, Ebola virus (EBO) and Reston virus (RES) (Ebola-like monkey filovirus; Centers for Disease Control, 1989; Jahrling et al., 1990) are non-segmented negative-strand (NNS) RNA viruses and are members of the family Filoviridae. Together with the Paramyxoviridae and Rhabdoviridae, these families make up the order Mononegavirales, a status accorded to them in 1990 by the International Committee on Taxonomy of Viruses (Pringle, 1991) . The filovirus virion is bacilliform in morphology and is composed of a helical nucleocapsid surrounded by a lipid envelope. Virions contain at least seven structural proteins and for MBG these proteins are an RNA-dependent RNA polymerase (L protein; Mr 267K; unpublished data), a single surface glycoprotein (GP; Mr 170K; Feldmann et al., 1991) , a nucleoprotein (NP; Mr 94K) and four proteins ranging in Mr from 24K to 38K (Kiley et al., 1988) .
The genetic features of filoviruses are similar to other NNS viruses in that (i) transcription of the infecting ribonucleoprotein complex, which contains a single negative-sense genomic RNA template, yields monocistronic polyadenylated mRNA species and (ii) for EBO A. Sanchez and others (Zaire subtype), the genome is organized such that the NP gene is encoded at the extreme 3' end of the genome and (iii) the EBO NP gene contains similar transcriptional signals that delineate the genes (Kiley et al., 1986 (Kiley et al., , 1988 Sanchez & Kiley, 1987; Sanchez et al., 1989) . To define the genetic relationship of MBG to EBO, RES and other NNS RNA viruses more fully, we have undertaken a project of cloning and sequencing the entire genome of a 1980 isolate of MBG (Musoke strain). In this report we present sequence data for the first 3000 nucleotides from the 3' end of the genomic RNA and comparisons of the nucleic acid and predicted amino acid sequences of the MBG NP gene to EBO, paramyxoviruses and rhabdoviruses.
Methods
Cells and viruses. Vero E6 cells were used to culture viruses as previously described (Sanchez & Kiley, 1987) . The Musoke strain of MBG was used throughout this study and was derived from the serum of a fatal human infection in Nairobi, Kenya in 1980 (Smith et al., 1982) . The virus was isolated and plaque-purified three times on Veto E6 cells, and then large seed stocks were prepared in the same cell line. For comparisons, a Zaire subtype of EBO (Mayinga strain) was used; its passage history is described elsewhere (Sanchez et al., 1989) .
Preparation of viral RNAs, molecular cloning and sequencing. Preparation of MBG genomic RNA (vRNA) and mRNA, synthesis of cDNA, molecular cloning in pUC18, identification of virus-specific clones, and chemical and dideoxynucleotide sequencing were performed as previously described (Gubler & Hoffman, 1983; Sanchez et al., 1989; Maxam & Gilbert, 1980; Sanger et al., 1977; Zimmern & Kaesberg, 1978) . A synthetic oligodeoxynucleotide primer complementary to the first 19 bases from the 3' end of the genome (5' AGACACACAAAAA-CAAGAGATG) was used to generate first-strand cDNA (vRNA template) in the production of one cDNA library, and also to probe cDNA libraries generated from vRNA and poly(A)-tailed vRNA.
The 5" end of the MBG NP mRNA was sequenced by primer extension, using the primer 5" CCAACAAACTGTGTAAATCCAT (vRNA sense; bases 125 to 104), which was radiolabelled at the 5' end with [~,-32p]ATP and used in a first-strand reaction. The extension product was isolated from a sequencing gel and chemically sequenced as previously described (Sanchez et al., 1989) .
Agarose gel electrophoresis and Northern blot hybridization. Acidurea-agarose (1.5% w/v) gel electrophoresis, blotting and hybridizations were performed as described elsewhere (Rosen et al., 1975; Sanchez et al., 1989) , except that GeneScreen Plus (New England Nuclear) was used as the hybridization transfer membrane and blotted RNA was not baked onto the membrane.
Computer-aided sequence analysis. The Sequence Analysis Software Package developed by the Genetics Computer Group (University of Wisconsin Biotechnology Center; Version 7.0) was used in analysing sequence compositions, sequence comparisons, manipulations, and graphic output (Devereux et at., 1984) . From left to right are the putative leader sequence, the transcriptional start site, the non-coding 3' end of the NP gene, the NP ORF, the 5' non-coding region and the poly(A) site. Below this drawing are shown the principal cDNA clones (generated from vRNA) used in sequencing studies and their positions as they align on the MBG genome. The nucleotide sequences for the cloned inserts are as follows: MV-88, 1 to 1744; MV-17, 954 to 3593; MV-39, 1 to 941; MV-34, 1 to 257. At the bottom is a scale as a reference for nucleotide sequence lengths.
Construction and in vitro
GGGTACCGTGTATCATATAAATAAAGAAGAATATTAAC (mRNA sense; bases 31 to 61) and 5' CAGGGTACCGCTGCATG-TATGATGAGTCCCACATTGTGA (vRNA sense; bases 2969 to 2940). These primers each contain a KpnI restriction endonuclease site at the 5' end to facilitate cloning. First-strand DNA synthesis was performed using vRNA and 0.3 ktg RNA sense primer (Sanchez et al., 1989) , then the products were incorporated into a PCR assay using 0.3 ~tg of each primer in a 100 ktl reaction. The amplified DNA was digested with KpnI and ligated into the KpnI site of the pGEM3Zf(+) transcription vector (Promega). A plasmid was isolated that contained the initiating AUG codon positioned downstream of the T7 RNA polymerase promoter. The DNA from this construct was purified by banding in CsC1 gradients, then uncapped run-off RNA transcripts were produced from this DNA after it had been linearized with XbaI. Transcription was performed using T7 RNA polymerase in a largescale transcription reaction (Promega protocol). The resulting transcript was translated in vitro and labelled with pS]methionine (New England Nuclear) in a rabbit reticulocyte lysate system (Promega). Translation products were immunoprecipitated with a human anti-MBG serum, subjected to SDS-PAGE and processed for fluorography as previously described (Sanchez & Kiley, 1987) .
Results

Cloning and sequence analysis of the 3" end of the MBG genome
A schematic representation of the primary clones used in generating the Y end sequence data for the MBG genome is shown in Fig. 1 . The sequences obtained were double-strand data obtained by either chemical or dideoxynucleotide sequencing of cloned inserts. The clones MV-88 and MV-39 contain the exact 3' end of the genome and were generated by priming first-strand (Maxam & Gilbert, 1980) . c D N A synthesis with a 3' complementary synthetic oligonucleotide plus random priming, using v R N A as template. Clone MV-34 contains the 3' end plus a poly(A) tail added to v R N A with poly(A) polymerase (prior to first-strand c D N A synthesis) and primed with oligo(dT). In addition to sequencing of cloned inserts, the sequence from nucleotides 1650 to 3000 was verified through direct dideoxynucleotide sequencing of purified vRNA.
Hybridization of clones MV-88 and MV-17 to Northern blots of M B G v R N A and m R N A transcripts demonstrated their specificity for M B G sequences and identified the transcripts recognized by these clones (Fig.  2a) . Clone MV-88 hybridizes to a single transcript, which corresponds to a large M B G m R N A species seen in Fig. 2(b) , indicated by an asterisk, and is comparable in size to the EBO N P m R N A . As shown in Fig. 1 , the MV-17 clone contains sequences that overlap the first and second genes, and hybridization analysis showed that this clone anneals to the N P transcript and to a second m R N A species that is transcribed from the next (adjacent) gene. The agarose electrophoresis pattern of oligo(dT)-selected M B G m R N A transcripts is very similar to that seen for EBO (Fig. 2b) and also shows them to be polyadenylated and monocistronic.
The 5' end of the NP m R N A was sequenced by primer extension and chemically sequencing the extension product, the results of which are shown in Fig. 2 (c) . The last band of this sequencing ladder is weaker than the next smaller band and may be due to (i) variability in the exact site in which transcription of the NP m R N A occurs, (ii) copying of a 5' cap structure by reverse transcriptase, (iii) premature termination of the extension product caused by a cap structure or (iv) an artefact of the sequencing chemistry. In any event, from the results obtained from 5' end sequence analysis, the transcriptional start site shown in Fig. 3 represents the longest possible transcript. terminal half of the MBG NP (68~o and 75~, respectively, between residues 348 and 695), and all three cysteine residues are found in the N-terminal third of the NP. The MBG NP is also similar to the EBO NP in its hydropathy plot, seen in Fig. 4 , which shows that the NP can be divided into a hydrophobic N-terminal half and a hydrophilic C-terminal half. For comparison, the hydropathy plots of the NP proteins of Sendai virus (SEN) and vesicular stomatitis (VSV) are also shown in Fig. 4 , and it appears that the SEN NP profile is closer to those of the MBG and EBO NPs than that of the VSV NP. This similarity in hydropathic profiles is particularly prominent in the hydrophobic sequences from residue 130 to approximately 320 (160 to 350 for SEN).
Sequence comparisons of the MBG and EBO NP genes
Computer-aided matrix (dot plot) comparisons of the nucleotide and amino acid sequence homologies between the MBG and EBO NP genes are shown in Fig. 5(a) . Some scattered similarity is seen in the nucleotide sequences, corresponding to bases 450 to 1100 for MBG and 950 to 1600 for EBO. In contrast, matrix comparison of amino acid sequences reveals a close resemblance between these two proteins in the N-terminal 400 (approximate) residues, with only a small break around residues 120 to 140. An alignment of the NP amino acid sequences of MBG and EBO is shown in Fig. 5 (c) . The alignment shows that the region from positions 130 to 392 of the MBG sequence has very strong similarity, and is highlighted by a run of 34 identical amino acids (MBG sequence 296 to 329). The strongest identity seen in the nucleic acid matrix comparison corresponds to the strongest regions of identity seen in the amino acid alignment. It should also be noted that two of three cysteines in this alignment are conserved and are nearest to the N terminus.
Comparisons of the NP amino acid sequences of filoviruses and other NNS RNA viruses
Comparisons of the predicted NP amino acid sequences of filoviruses and other NNS RNA viruses were performed to determine whether any conserved regions were present. These analyses revealed that in both the MBG and EBO NPs there is a short region which has a significant degree of identity with paramyxovirus NPs, and to a lesser extent with those of rhabdoviruses. This sequence in the MBG and EBO NP corresponds to the highly conserved region in the central part of the protein described above. These findings are illustrated in Fig.  6 (a) and (b), which show matrix comparisons of the NP amino acid sequences of MBG and SEN, and MBG and VSV, respectively. The MBG amino acid sequence around the short region of similarity seen in the centre of the MBG/SEN matrix plot (see arrow, Fig. 6a ) was aligned to the NP amino acid sequences of six paramyxoviruses and two rhabdoviruses (Fig. 6c) . This alignment was initially computer-generated, and then a manual alignment was made to minimize the introduction of gaps. A consensus sequence was derived and asterisks beneath the consensus line mark the locations where both MBG and EBO sequences are either identical or have amino acids similar to those of the consensus sequence. At these locations MBG and EBO sequences occured in 79 ~ of the consensus positions and showed a significantly greater likeness to paramyxoviruses than to VSV or rabies virus. This region of similarity contains the sequences previously identified by Elango (1989) as highly conserved within the family Paramyxoviridae (underlined positions in line with asterisks in Fig. 6c ). Fig. 7 shows a set of computer-generated dendrograms which schematically show the relatedness of the amino acid sequences of the entire and conserved region of the NPs of the viruses seen in Fig. 6(c) . The homology of these viral NP sequences can be seen in the clustering of sequences and can be measured by the lengths of the branches in the horizontal axis, which is proportional to unknown. The MBG NP ORF is located 56 bases from the 5' end of its mRNA, similar to those described for other NNS RNA viruses, but this is far shorter than the 415 bases present in the EBO NP mRNA. Both the MBG and EBO NP transcripts do, however, have long untranslated regions of 656 and 341 nucleotides [exclusive of added poly(A) tail sequences] at their 3' ends, respectively. The function of these long regions of untranslated sequences is also unknown, but they may influence the level of NP expression or some other viral process. The 3 ~ end 0fthe MBG genome (first 3000 nucleotides) is AU-rich (59.7~), which has an effect on the codon usage in the ORF (56-4~ AU content). An A or a U is present in 43-8~ of the first base positions of codons, compared to 63.9 ~ of the second and 62-8 ~o of the third. This bias towards these bases results in an increase in aspartic acid, glutamic acid, asparagine and glutamine, which are abundant in the MBG NP as well as the EBO NP. The ORF for the EBO NP, however, is not as AUrich and utilizes a somewhat more balanced codon usage.
The composition of the predicted amino acid sequence of the MBG NP is very similar to that of the EBO NP. They can be divided into an N-terminal half which is • hydrophobic and a C-terminal half which is decidedly hydrophilic (Fig. 4) and very acidic, a feature that is also characteristic of the NPs of certain paramyxoviruses, such as SEN and human parainfluenza virus type 3 (S~nchez et al., 1986) . As seen with the EBO NP, the MBG NP has three cysteine residues that are localized in the N-terminal third and concentrations of proline and acidic residues in the C-terminal half of the molecule. The MBG NP has a predicted M~ of 77.9K, much lower than the value calculated from SDS-PAGE, 94 K (Kiley et al., 1988) . This difference is not unusual, since similar observations has been reported for the NP of EBO and other related viruses (Sanchez et al., 1989; Galinski et al., 1986; S~inchez et al., 1986; Gallione et al., 1981) . The larger mass of filovirus NPs, compared to those of other NNS RNA viruses, may be due to additional sequences at the C terminus.
Computer matrix comparisons of the nucleic acid sequences of the MBG and EBO NP genes (including the 3' leader sequence) indicate that only in the central part of the coding regions is there any significant homology. This finding is in contrast to the homology seen in the predicted amino acid sequences, which show strong identity or similarity in the 400 residues at the N terminus, which is achieved through different codon usage. The greatest degree of identity in these amino acid sequences is located in the central part of the proteins (MBG residues 297 to 330) and corresponds to the region in which the nucleic acid sequences are most similar (MBG bases 990 to 1090). The varying lengths of the untranslated regions of the NP genes of MBG and EBO, together with their different codon usages in generating very similar NP molecules, suggests that these agents may have diverged at some point in the distant past.
The lack of amino acid sequence homology in the Cterminal half of the NPs of MBG and EBO is analogous to that seen with certain closely related paramyxoviruses, in which the last 100 or more residues are very divergent (Rozenblatt et al., 1985; Galinski et al., 1986; Jambou et al., 1986; Matsuoka & Ray, 1991 ; Sakai et al., 1987; Lyn et al., 1991) . The reason for the divergence of the C termini of these viruses has not been determined, but it has been suggested that this region is exposed to the environment and may interact with the viral matrix protein in the assembly process (Heggeness et al., 1981; Rima, 1989; Kondo et al., 1990; Barr et al., 1991) . If the size of filovirus NPs relative to the NPs of other NNS RNA viruses is due to an increase in length at the C terminus, then one might speculate that interactions of this region with the matrix protein and/or other structural proteins during the budding process could result in the characteristic bacilliform shape of the filovirus virion. Alternatively, this region might interact with a putative second NP found in both EBO and MBG (Kiley et al., 1988; Elliott et al., 1985) .
The similarities in hydropathy and primary amino acid sequence between the MBG and EBO NP proteins are outwardly striking, but despite these likenesses the serological evidence indicates that these agents are antigenically unrelated. Localization of major antigenic epitopes in the C-terminal half could explain this phenomenon if cross-reactivity of antibodies to this region is dependent on a high degree of conservation (lacking between MBG and EBO). Immunodominance of the C terminus in stimulating antibody production has been described for the NPs of paramyxoviruses (Gill et al., 1988; Tanabayashi et al., 1990 ) and a similar condition could exist with filovirus NPs.
Results of matrix comparisons of the NP amino acid sequences of filoviruses and other NNS RNA viruses demonstrated that a small region in the central part of these NPs showed some conservation between MBG and SEN (Fig. 6a) . Alignment of this NP region of MBG and EBO to that of other NNS RNA viruses identified certain sites that are conserved in these proteins, particularly between filoviruses and paramyxoviruses. Two areas within this region showing the greatest concentration of similar sequences are underlined in the consensus line of Fig. 6(c) . This region has also been shown by others to contain sequences that are highly conserved within the Paramyxoviridae (Galinski et al., 1986; S~nchez et al., 1986; Elango, 1989; Kondo et al., 1990; Lyn et al., 1991 ; Morgan, 1991) and are contained in the alignment in Fig. 6(c) . Recently, Barr et al. (1991) reported that pneumoviruses, paramyxoviruses, rhabdoviruses and EBO contain three separate conserved regions, the largest of which is 50 bases and is contained within the alignment shown in Fig. 6 (c) (box C; MBG sequence 255 to 304). The other two boxes are both 13 residues in length, one of which is contained in the Nterminal end of the alignment in Fig. 6 (c) (box B; MBG sequence 213 to 225) and the other is positioned in the Nterminal third of the NP (box A; MBG sequence 132 to 144). It should be noted that box A corresponds to the beginning of the region of strong similarity seen between MBG and EBO and that box C overlaps the longest run of identity that ends this region. The authors stated that this region appears to begin with sequences that contain a high degree of a-helices and terminates with a fl-sheet and reverse turn suggesting a similar conformation. They hypothesized that the first 350 to 400 residues of the NP proteins of these viruses may have retained a similar structure with divergent sequences, and that the regions of common structure (homology) may represent areas involved in RNA binding and interactions with other proteins in the nucleocapsid. Lyn et al. (1991) arrived at a similar conclusion following cross-reaction studies using anti-SEN NP monoclonal antibodies to detect epitopes on the human parainfluenza type 1 virus NP. Our alignment of the amino acid sequences of the MBG and EBO NP proteins (Fig. 5 ) supports the observations of maintained functional domains in the first 400 Nterminal residues. We have noted that these similarities in amino acid composition occur within an extremely hydrophobic domain, as seen in the hydropathy plots in Fig. 4 . The bar above the plots identifies the conserved region aligned in Fig. 6 (¢) and the two arrows point to two hydrophobic peaks that contain the two most related sites. The peak nearest to the C terminus also corresponds to the sequence previously identified by Elango (1989) as a region highly conserved in paramyxoviruses. Galinski et al. (1986) also observed that conserved regions, identified in alignments of paramyxovirus NP sequences, resided in hydrophobic domains. N-terminal to the conserved region in the MBG, EBO and SEN hydropathy plots in Fig. 4 there is a prominent hydrophobic peak, identified by an asterisk, positioned approximately 80 amino acids from this region. Alignments of the sequences from these regions (MBG or EBO with SEN) failed to show any significant relationship, but they could represent a region whose structure/function is less sequence-dependent. The significance of these hydrophobic sequences in the biology of the NP proteins is unclear, but a role in either folding of the NP and/or binding to the vRNA has been postulated (Morgan, 1991) . If these areas represent functional domains, then their characterization would contribute greatly to the basic understanding of the biology of the ribonucleoprotein complex of NNS RNA viruses.
Multiple amino acid sequence alignments of the NPs of representative members of the three families of NNS RNA viruses (seen in the form of dendrograms in Fig. 7 ) revealed three things. First, the alignment of the NP sequences, save that of RSV, segregated them into their respective families. Second, filoviruses appear more closely related to paramyxoviruses than to rhabdoviruses. And finally, the segregation of RSV with filoviruses may indicate that a closer evolutionary relationship exists between these agents. Using a different alignment procedure, Pringle (1991) generated a similar dendrogram and noted the uniqueness of pneumoviruses. In a paper that compared L amino acid sequences, Stec et al. (1991) concluded that RSV represents a distinct lineage from other paramyxoviruses and showed a dendrogram that is similar to our results. Comparisons of other filovirus genes and gene products should define further the relationship of filoviruses to other NNS RNA viruses, particularly in polymerase amino acid sequences which have been found to be highly conserved (Blumberg et al., 1988; Galinski et al., 1988; Tordo et al., 1988 , Barik et al., 1990 Stec et al., 1991) and could provide a better means of gauging genetic relatedness.
In conclusion, sequence analysis of the 3' end of the MBG genome, including the entire NP gene, has shown it to be organized and structured in a manner that is consistent with those of EBO and other NNS RNA viruses. The similarity of filovirus NP genes and gene products to those of paramyxoviruses implies a closer biological and phylogenetic relationship to these agents than to rhabdoviruses.
